In the last two decades, an intriguing shift in the understanding of the cerebellum has led to consider the nonmotor functions of this structure. Although various aspects of perceptual and sensory processing have been linked to the cerebellar activity, whether the cerebellum is essential for binding information from different sensory modalities remains uninvestigated. Multisensory integration (MSI) appears very early in the ontogenesis and is critical in several perceptual, cognitive, and social domains. For the first time, we investigated MSI in a rare case of cerebellar agenesis without any other associated brain malformations. To this aim, we measured reaction times (RTs) after the presentation of visual, auditory, and audiovisual stimuli. A group of neurotypical age-matched individuals was used as controls. Although we observed the typical advantage of the auditory modality relative to the visual modality in our patient, a clear impairment in MSI was found. Beyond the obvious prudence necessary for inferring definitive conclusions from this single-case picture, this finding is of interest in the light of reduced MSI abilities reported in several neurodevelopmental and psychiatric disorders-such as autism, dyslexia, and schizophrenia-in which the cerebellum has been implicated.
Introduction
In the past decades, an intriguing shift in the understanding of the cerebellum has been described in the literature. Going beyond the hypothesis that the cerebellum contributes primarily-or even exclusively-to the planning, control, and execution of movements, a number of studies have clearly demonstrated the cerebellar contribution to nonmotor functions. These functions may impact with cascade effects in the cognitive, emotional, and affective domains (Schmahmann 2010; Buckner 2013) according to a topographic organization of motor versus nonmotor functions in the cerebellum Boltshauser 2004 ; for a meta-analysis Stoodley and Schmahmann 2009 ; for a critical comparison of neurobehavioral profiles in different cerebellar malformations, see also Tavano and Borgatti 2010) . The intriguing hypothesis that cerebellum could be activated also in the complete absence of any overt motor activity has been proposed in seminal works (Leiner et al. 1986) , and soon after confirmed by neuroimaging studies (Petersen et al. 1989; Kim et al. 1994; Fiez 1996; see Chen et al. 2014 for a recent meta-analysis).
Nowadays, it is matter of debate no longer "whether" the cerebellum plays a role in nonmotor functions but instead "how" the cerebellum contributes to these functions (Koziol et al. 2014; Marien et al. 2014; Baumann et al. 2015) . A retrospective study on 156 subjects with various cerebellar disorders hypothesized that cerebellar injury does not abolish specific cognitive functions, rather it renders them less efficient (Tedesco et al. 2011 ). This supports the idea that the cerebellum may operate as an "optimization structure" (Courchesne and Allen 1997; Hokkanen et al. 2006) .
Correlation between the size of the cerebellum and aspects of general intelligence has been found in the literature (Allin et al. 2001; Pangelinan et al. 2011 ; but see Parker et al. 2008) . The cerebellum seems to be involved also in linguistic processing such as verbal fluency, grammar, speech production and perception, and verbal working memory (for a review, Marien et al. 2014) . Moreover, the cerebellum can contribute to the emotional domain, as evidenced by disorders of emotional expression, such as pathological laughter and crying (PLC) that is associated with lesions in the internal capsule (Parvizi et al. 2001) . Also, the cerebellum responds to painful stimuli even during passive viewing (Moulton et al. 2011) . Taken together, these evidence are consistent with the cerebellar cognitive affective syndrome, which was described in a preliminary form by Schmahmann and Sherman (1998) and successively confirmed also by various and independent laboratories (Levisohn et al. 2000; Riva and Giorgi 2000; Steinlin et al. 2003; Molinari et al. 2004; Exner et al. 2004; Tavano et al. 2007; Baillieux et al. 2010 ; but see also, Richter et al. 2007 ; for a review see, Schmahmann 2010) .
Given that the cerebellum is an essential node subserving sensorimotor, autonomic, cognitive, affective, and emotional functioning, the cerebellar implication also in sensory processing is not surprising, even if such role has been for a long time neglected in the literature (for a review, Baumann et al. 2015) . Cerebellar responses to auditory and visual stimulation were described in a seminal study by Snider and Stowell (1944) in the cerebellar cortex of cat. They revealed the existence of distinct, but partially overlapping cerebellar regions (vermal lobule VII and hemispheric lobules VI) that were differentially activated by visual and auditory stimuli. The first evidence in human derived from a work by Ivry and Diener (1991) , which found that cerebellar patients with intact elementary visual functions had difficulties in judging the velocity of moving stimuli. These findings were corroborated also in subsequent studies (Thier et al. 1999; Parsons et al. 2009; Baumann and Mattingley 2010; Sokolov et al. 2012) . For the auditory domain, poorer thresholds for pitch discrimination have been reported in patients with cerebellar degenerative disease (Parsons et al. 2009 ). Cerebellar-related perceptual deficit have been also described in tasks like general perception of time (Lee et al. 2007 ), analysis of temporal sequences (Molinari et al. 2008) , and motion detection (Jokisch et al. 2005 ) (for a review, see Baumann et al. 2015) .
A further intriguing case concerns the visual processing of social cues such as the biological motion (for a review, see Pavlova 2012) . By combining psychophysics with a lesion analysis, Sokolov et al. (2010) found that damage to the left lateral cerebellum severely affects the visual sensitivity to biological motion, whereas medial lesions do not seem to result in substantial deficit. More recently, by using diffusor tensor imaging (DTI), Sokolov et al. (2014) showed a bidirectional structural loop between regions in the left cerebellar lobule crus I and right posterior superior temporal sulcus (STS) (i.e., a region well known to be involved in biological motion perception; Grossman et al. 2000) , which was functionally defined during visual processing of biological motion.
The cerebellum, particularly the vestibulo-cerebellum, makes vital contributions also to self-motion perception. Self-motion requires the analysis of information from multiple systems including vestibular (head motion), visual (optic flow), proprioceptive, and somatosensory (body motion), as well as efferent motor command signals (for a review, Cullen 2011). It has been shown, for example, that visually induced illusions of self-motion preferentially activate nodulus and uvula (Larsell's lobules X and IX; Bense et al. 2006; Kleinschmidt et al. 2002) and that self-motion perception is diminished in patients with midline lesions impacting these regions (Bronstein et al. 2008; Bertolini et al. 2012) .
Although this growing body of evidence supports a role for the cerebellum in sensory processing and perception in various domains, the precise manner in which visual and auditory and other sensory information are integrated in the human cerebellum remains unclear. To date, there are only incidental correlative reports from neuroimaging studies of cerebellar activity during tasks involving cross-modal matching (Bushara et al. 2001; Calvert et al. 2001; Baumann and Greenlee 2007; Petrini et al. 2011) . As an example, a functional magnetic resonance imaging (fMRI) study by Baumann and Greenlee (2007) found an increased bilateral activity in cerebellar lobule VI and right lateral crus I during a combined audiovisual motion detection task, as compared with unimodal visual and auditory motion tasks. These data are consistent with findings in nonhuman primates suggesting that different sensory areas of the cerebral cortex converge on common areas within the neocerebellum (Schmahmann 1996; Liu et al. 2000 ; for a review, see Baumann et al. 2015) and with evidence in the macaque vestibular cerebellum, in which vestibular and neck proprioceptive signals are combined for constructing an estimate of body motion independently of head motion (Mergner et al. 1991; Kennedy and Inglis 2002; Brooks and Cullen 2009 , for a review, see Baumann et al. 2015) .
Although neuroimaging and neurophysiological techniques, correlational in nature, are essential for investigating cerebellar nonmotor functions, a crucial test for any functional hypothesis is the ability to predict behavioral results. The opportunity to test a causal involvement of the cerebellum in MSI came from the study of an extremely rare case of cerebellar agenesis. The neuroradiological and neuropsychological profile of this patient was extensively described in previous works from our laboratory (Tavano et al. 2007; Romaniello and Borgatti 2013; Arrigoni et al. 2015) .
Here, we used a robust psychophysical procedure to assess MSI in this patient with cerebellar agenesis, as compared with a control group of neurotypical individuals. Reaction times (RTs) were measured after the presentation of visual, auditory, and audiovisual stimulus combinations. In this paradigm, MSI can be identified when the response to the multisensory stimulus significantly deviates from response predicted by the unisensory stimulus presentation.
Materials and Methods
Participants R.G. was aged 48 at the time of the study. His general cognitive skills were assessed by means of the Wechsler Adult Intelligent Scale-Revised (WAIS-R), and revealed the following profile: Total-IQ = 69, Performance-IQ = 82, and Verbal-IQ = 65 (see also Table 1 ). The neuropsychological profile showed more impairments on tasks involving visuomotor integration, motor adaptation and fluency, working memory, and extraction of higher-order semantic inferences. Executive functions, mainly planning and flexibility but also focused attention, were scarce. At the neurological examination, oculomotor disorders, ataxic gait and cerebellar signs were evident. Particularly, standard neurological examination by ICARS scale (International Cooperative Ataxia Rating Scale; Trouillas et al. 1997 ) yielded a score of 29/100, which is consistent with a diagnosis of cerebellar ataxia (postural and gait disturbances = 8/34; limb ataxia = 16/52; speech apraxia= 3/8; oculomotor disorders = 2/6; for details, see Romaniello and Borgatti 2013) . Nonetheless, R.G. was able to walk and perform activities of daily living by himself. MR imaging showed the absence of cerebellum and superior, middle, and inferior cerebellar peduncles, with a completely flattened pons (Fig. 1) . The posterior fossa was smaller than normal and filled by cerebro-spinal fluid. Diffusion tensor imaging (DTI) and tractography confirmed the absence of spino-cerebellar and cerebro-cerebellar tracts in the brainstem (Fig. 2) . Nonetheless, as reported in Arrigoni et al. (2015) , DTI results showed a perfect match between patients and controls in the supratentorial areas, where all major white matter tracts of brain hemispheres were properly recognizable in the patient. A part from a mild ventricular enlargement, cerebral hemispheres were normal both at conventional MRI and DTI. No focal lesions or malformations could be detected in the supratentorial brain. Moreover, previous analysis of resting-state fMRI data (Arrigoni et al. 2015) indicated that in the patient all the main networks usually present in healthy individuals (auditory, visual, somatosensory, default-mode, and executive-function) were clearly represented. For a detailed description of the neuroradiological and neuropsychological profile, see the previous work from our laboratory (Arrigoni et al. 2015) .
A group of 23 adult males comparable to R.G. for age (mean age = 47.8, SD = 3.5) and with no history of neurological or psychiatric disorders were recruited as a control group. The general cognitive profile in the control group was obtained with a shortened version of the WAIS-R employing 2 verbal (Vocabulary, Similarities) and 2 performance (Block Design, Picture Completion) subtests (mean Total-IQ = 105, SD = 17; mean Verbal-IQ = 106, SD = 23; mean Performance-IQ = 104, SD = 19).
Additionally, a male individual with a general cognitive profile comparable to that of R.G. and with no evidence of neuroradiological abnormalities was recruited as an additional Table 1 Acquisition of developmental milestones for language, motor, and social domains of R.G. as compared with typical development based on the Griffiths Mental Development Scale (Griffiths 1996) Holds head erect continuously
Sits alone
Stands holding on to furniture The entire research protocol was approved by the local ethic committee and was conducted in accordance to the principles elucidated in the Declaration of Helsinki.
All participants, including R.G., had self-reported normal or corrected to normal vision and did not report any hearing problem.
Stimuli and Procedure
The experiment took place in a dimly lit and quiet room. Stimuli presentation and data acquisition were performed with E-prime 2.0 (Psychology Software, Inc.) running on a Dell laptop computer with a 15″ screen (resolution: 1400 × 1050 pixels). Participants seated at a distance of 50 cm from the stimulus screen, with the vertical body midline aligned with the center of the monitor. The visual target stimulus was a black square (2.5 × 2.5°) presented on a light gray background (RGB: 192, 192, 192) at an eccentricity of 16°from a central fixation point (0.5 × 0.5°). The sound target stimulus was a 500-Hz sound ( pure tone) and was presented in one of the 2 (left or right) external speakers. Speakers were positioned close to the left and right screen borders, and were elevated so that the center of the speakers was aligned with the monitor horizontal median line, where the visual stimulus was presented. This way we ensured that visual and auditory stimuli were presented from 2 spatial positions very close one each other.
On each trial, the central fixation point appeared for a random duration between 1000 and 2500 ms. This way we avoided that participants could predict the time of target appearance after few trials. Afterward, the target stimulus appeared according to the 3 possible experimental conditions (Fig. 3A) . In the "visual only" condition, the visual stimulus was presented for 200 ms either in the left or in the right visual hemifield and no sound occurred. In the "auditory only condition", the sound was presented for 200 ms either in the left or in the right speaker and no visual stimulus occurred. In the "audiovisual" condition, a synchronized combination of the component visual stimulus and sound was presented for 200 ms either in the left (left visual hemifield/left speaker) or in the right (right visual hemifield/right speaker) side. Participants were asked to respond as fast and as accurately as possible by pressing the letter "Z" for any stimulus appearing on their left side and the letter "M" for any stimulus appearing on their right side. The maximum time for response was set to 2000 ms. The experimenter controlled the transition from one trial to the next.
After 10 trials of practice, participants performed 90 experimental trials (3 conditions × 2 sides × 15 repetitions) and 10 catch trials, where no visual or auditory stimulus occurred. In total, there were 100 experimental trials, randomly intermixed for a total duration of approximately 15 min.
Data Analysis
The observation of faster mean RT under the audiovisual condition as compared with the corresponding unisensory conditions is not necessarily reflective of real MSI. Simple statistical facilitation, indeed, predicts that even under independent circumstances, multisensory RTs should be faster than the unisensory correlates. In the context of MSI, this statistical facilitation has been referred to as the "race-model" (or "redundant target") effect (Raab 1962; Miller 1982) . It predicts that when 2 channels are racing against each other, a choice is made as soon as either of the processes is complete. When this is the case, the predicted mean RT with an audiovisual combination will be faster than both unisensory RTs without any interaction between the 2 processes. The most robust way to overcome this issue is to test for a significant violation of the race model, which can be assumed as evidence of an interaction between unisensory inputs to facilitate RT performance (for a review, see Stevenson, Ghose, et al. 2014) .
Such interaction is measured at the level of the RTs' cumulative distribution functions (CDFs). CDFs represent the cumulative probability that a response has been made by a given point in time following a stimulus presentation. According to the race model, the CDF observed in the audiovisual condition should satisfy the so-called "race-model inequality" (Miller 1982) . Following the algorithm described in Ulrich et al. (2007) , an individual CDF was calculated for each participant and for each of the 3 experimental conditions, considering only accurate single-trial RTs (filtered between 100 and 1000 ms). Specifically, let G A , G v , and G AV be the individual CDF estimates of the auditory, visual, and audiovisual condition, respectively. The bounding sum is then computed as B(t) = G A (t) + G V (t) for each participant, providing an individual estimate of the upper bound of the racemodel inequality. Subsequently, percentile values are computed from all individual CDFs (G A , G v , G AV , and B) from the 5th to the 95th percentile (in steps of 5%). The percentile values are then aggregated across participants.
If the CDF of the audiovisual condition obtained in the control group violates significantly the prediction made by the racemodel inequality, this can be considered as a strong evidence for MSI. Importantly, an inequality violation value for each subject is calculated as the sum across percentiles of the difference between the race model (B) and the audiovisual CDF (G AV ), considering only percentiles for which this difference is positive and then dividing this value by the number of percentiles.
It is important to note that because the race-model predictions are derived from individual participants' data for each The yellow arrow points at the V cranial nerve. modality, the inequality violation value is normalized to any individual differences in the unisensory RTs.
Results
Overall task accuracy was 99.4% (SD = 0.91) for the control group (mean visual:99.6%, SD = 0.19; mean auditory = 99.7%, SD = 0.38; mean audiovisual = 98.7%, SD = 0.75), 86.7% for R.G. (mean visual: 96.7%; mean auditory = 83.3%; mean audiovisual = 80%) and 95.5% for the IQ-matched participant (mean visual: 96.5%; mean auditory = 100%; mean audiovisual = 90%). Both R.G. and the IQ-matched participant showed an overall accuracy significantly lower than the control group (t = −13.98 and t = −4.51, respectively, both Ps < 0.001; as resulted from the modified t-test procedure by Crawford and Howell 1998) .
We performed t-tests within the control group to evaluate significant violation of the race-model inequality. As shown in Figure 3B , the CDF of RTs for the audiovisual condition significantly violated the race-model prediction from percentile 15th to 85th (5th: t (22) = 2.74; 15th: t (22) = 5.12; 25th: t (22) = 5.31; 35th: t (22) = 5.89; 45th: t (22) = 5.87; 55th: t (22) = 5.89; 65th: t (22) = 6.50; 75th: t (22) = 7.54; 85th: t (22) = 8.51; all Ps < 0.012). Previously, Otto and Mamassian (2012) have suggested that violations of race models could be explained by increased variance of motor responses under multisensory conditions, rather than multisensory facilitation. Thus, we calculate the coefficient of variation (CV) for each participants' RTs in each experimental condition, similarly to what other researchers have previously done (e.g., Downing et al. 2015) . Although the analysis of variance (ANOVA) indicated a significant effect of task condition (A, V, AV) on CV values (F 2,44 = 49.74, P < 0.001), the highest increment in response variability was not observed for multisensory target (mean CV values are: A = 0.352, V = 0.175, AV = 0.219; all paired t-tests with P < 0.001). Overall, these results indicate that in our control group a significant integration between the auditory and visual information occurred for RTs observed in the audiovisual condition and this could not be explained by an increment in RTs variability.
Thus, we proceed to test whether the inequality value of R.G. differed from that of the control group. [One may wonder why we did not directly compare the patient's RTs data obtained in the AV condition with the race-model prediction derived from his A and V RTs data. The reason is that non-parametric tests that have been sometimes used for intra-individual analysis (e.g., Wilcoxon signed rank test) require the assumption that each pair of observations is chosen randomly and independently, which is violated in this case. For a dissertation on how these intra-individual analyses can be misleading see Laws et al. (2005) . For this reason, we preferred to test the patient's performance only referring to the controls' data.]. To this aim, we applied the rigorous procedure for single-case versus controls testing described by Crawford and Garthwaite (2002) , based on a modified t-test procedure outlined by Crawford and Howell (1998) . CDFs of RTs observed in the control group and in R.G. CDFs were calculated for the 3 stimulus combinations and the racemodel prediction was obtained from the sum of the functions in the auditory and visual only conditions. For the control group, the percentiles for which the audiovisual CDF significantly violates the race-model ( paired t-tests with P < 0.05) are highlighted with a vertical gray bar. It was important to show this as a confirmation that in our paradigm participants of the control group effectively showed integration of multiple sensorial inputs. (C) Bar plot showing inequality violation for the control group and for R.G. This index was calculated as the sum across percentiles of the difference between the race-model and the audiovisual CDF, considering all the percentiles for which this difference was positive and then dividing this value by the number of percentiles (*P < 0.05).
We found a significant difference between the mean inequality value of the control group (mean ± SEM: 21.42 ± 2.49) and the inequality value of R.G. (0.26) (t = −1.73, P < 0.05) (Fig. 3C) . The effect size (Z-CC) for the difference between R.G. and controls ( plus 95% C.I.) was −1.79 (−2.42 to −1.10). This difference was significant even after controlling for the effect of the Performance-IQ (P = 0.045), which was entered as a covariate following the Bayesian procedure elucidated by Crawford et al. (2011) which is based on a modified version of the single-case versus controls test describe above. Moreover, individual IQ measures in the control group did not significantly correlate with the inequality values (Total-IQ: r (23) = 0.029, P = 0.89; Performance-IQ: r (23) = −0.106, P = 0.63; Verbal-IQ: r (23) = −0.035, P = 0.87).
On the contrary, the inequality value of the IQ-matched participant (14.63) was comparable to that of the control group (t = −0.57, P = 0.28).
Discussion
Cerebellar agenesis is a rare condition entailing the partial or almost complete lack of the cerebellum (Altman et al. 1992; Boltshauser 2008) . Complete cerebellar agenesis has been hypothesized to be incompatible with life. Thus, all reports in the literature have found at least minute cerebellar tissues (Sener and Jinkins 1993; Velioglu et al. 1998 ) or a considerable amount of "rudimentary cerebellum" (Leestma and Torres 2000; Yu et al. 2014) .
From a clinical point of view, R.G. shows remarkable improvement of his motor, cognitive, and social relationship symptomatology over the years and this may be-at least partially-explained by learning compensatory strategies more linked to the functions of the cerebral cortex (Molinari et al. 1997; Ullman et al. 1997; Romaniello and Borgatti 2013) and by rehabilitative trainings that the patient received since his childhood. However, such improvements are astonishing in comparison with other similar cases (Timmann et al. 2003) and considering that during childhood, he presented significant cognitive, social-communicative, and motor delays (Tavano et al. 2007; Arrigoni et al. 2015 ; see Table 1 ).
We benefited from the possibility to directly test sensory abilities in this extremely rare case of cerebellar agenesis with no other brain malformations. For the first time, we found evidence that cerebellum is critical for multisensory integration.
Our data were normalized to any overall differences in the unisensory RTs performance, thus allowing to isolate the fundamental deficit in binding information from multiple sensorial channels. An interesting aspect emerging from our results is the fact that differences in task performance between the patient and the controls cannot be explained by a mere difference in motor abilities (i.e., motor variance, see Otto and Mamassian 2012) . Indeed, this would predict a difference between the patient and the controls in all the 3 experimental conditions. On the contrary, we found different motor variance specifically for the multisensory condition. This raises interesting questions about a possible broken link between motor and multisensory functions following cerebellar agenesis.
It is also important to underline that even if our patient had a general intelligence deficit (IQ = 69), his impairment in MSI relative to the age-matched control group was evident even after controlling for the IQ. Moreover, we tested the MSI abilities of another patient with an IQ comparable to R.G. (IQ = 62) but without any neuroradiological abnormality. This participant did not differ from the control group in his MSI abilities. Finally, with the measures of the IQ collected in the control group, we did not find any correlation between the individual MSI abilities and general intelligence in our control group. Accordingly, a previous study by Barutchu et al. (2009) , where the authors measured the degree of multisensory facilitation with the same experimental approach employed here in a large group of adults and children, and did not find any relationship with IQ. Thus, our finding relies on multiple evidence showing that the difference in MSI that we found did not depend from the general intelligence deficit exhibited by R.G.
The clear impairment in integrating basic information from different sensory modalities may affect-with cascade effectshigher-order abilities (Wang et al. 2014) . To date, a time-honored clinical neurology tradition has generally believed that cerebellar lesions most often and severely impact on motor functions, in contrast with the growing body of experimental evidence reporting marked cognitive and affective impairments (Buckner 2013) . Two facts have surely nourished this gap: (1) effectively, most prominent deficits in adults' acute cerebellar injuries are of a motor nature and-for obvious reasons-early clinical assessment monitors more easily short-term than long-term consequences; (2) given that cerebellar connectivity is highly differentiated, focal injury typically leads to focal deficits (Wang et al. 2014 ). However, a further explanatory factor is-as suggested by Buckner (2013) -that clinical daily practice does not always test appropriately for (more subtle) cognitive and affective disturbances in these patients. Our findings demonstrate the need to extend this body of considerations also to the sensory domain.
The idea that the cerebellum may be critical for MSI is consistent with some of the most prominent hypotheses concerning its general functional role in typically developing individuals. Three major and non-mutually exclusive hypotheses have been proposed for the cerebellum (Baumann et al. 2015) : (1) the cerebellum offers an "internal model" of sensory events, as if it would furnish a sort of support in information processing by making predictions (Cerminara et al. 2009 ); (2) the cerebellum monitors and coordinates the acquisition of sensory information facilitating the processing of nonmotor functions (Bower 1997 ) (3) the cerebellum furnishes an internal timing device for both motor and perceptual processes (Knolle et al. 2013) . At least the second and the third hypothesis are clearly consistent with the potential cerebellar implication in MSI. More generally, the cerebellum is believed to be a sort of "optimizator" of sensory data acquisition (Proville et al. 2014) . The idea that uniform microarchitecture of cerebellar circuitry may carry out various operations in different domains (motor, cognitive, sensory, etc.) using a common computational model has been recently supported also by D'Angelo and Casali (2013) (see also Wang et al. 2014 for similar considerations). The authors sustained that the interplay between timing and learning (at multiple-levels of analysis, included sensory processing), may represent the conceptual and operational framework for the cerebellum.
In addition, some neuroimaging findings also support a role for the cerebellum in MSI. A first positron emission tomography (PET) study in the typical population showed that the detection of auditory-visual stimulus onset asynchrony activates a largescale network that included insular, posterior parietal, prefrontal, and cerebellar areas (Bushara et al. 2001) . Another study using fMRI showed that synchronous and asynchronous bimodal inputs produced superadditive blood oxygen level-dependent response enhancement and response depression across a large network of polysensory areas. Among these areas, the right cerebellum displayed response depression to asynchronous audiovisual inputs, although it did not exhibit superadditive effects to synchronized audio-visual stimuli (Calvert et al. 2001 ). More recently, starting from previous behavioral studies (Petrini, Dahl et al. 2009; Petrini, Russell, et al. 2009 ), Petrini et al. (2011 used fMRI to test whether expert drummers and novice have different brain responses when they have to judge synchrony/ asynchrony of point-light drumming movements presented with sound. Participants had to evaluate animated displays where the correspondence between drumming action and resulting sound was eliminated by desynchronizing the 2 signals. Although novices and experienced drummers did not differ in the ability to classify the audiovisual synchrony/asynchrony, the authors found differences in brain responses. In agreement with our findings, the cerebellum was reported to play a critical role in this task. The authors found that the drummers group had lower brain activity in the bilateral cerebellum compared with the novices group in the synchrony condition. Moreover, lower activity in the cerebellum during synchrony judgment corresponded to longer RTs in the drummers group.
Our report can also suggest interesting clinical considerations. Impaired MSI has been reported in neurodevelopmental disorders such as autism spectrum disorder (ASD) (Fatemi et al. 2012; Collignon et al. 2013; Brandwein et al. 2013) , developmental dyslexia (DD) (Froyen et al. 2011 ; see also Facoetti et al. 2010 ) and schizophrenia (de Jong et al. 2009 ) (for reviews, Hahn et al. 2014; Wallace and Stevenson 2014) . Even if this subject is still matter of debate, all these disorders have been associated with cerebellar abnormalities (for reviews, see Lungu et al. 2013; Stoodley and Stein 2013; Wang et al. 2014; Stoodley 2015) .
The potential cerebellar role in the maturation of distant neocortical circuits has been recently proposed by Wang et al. (2014) to play a fundamental role in the core manifestation of ASD. The authors suggested the term "developmental diaschisis" to indicate the possibility that a sharp inhibition in activity at a specific brain site may result from an injury in distant but anatomically connected regions. Phenotypic heterogeneity resulting from cerebellar lesions is strongly related to the period in which they occur. While in adults cerebellar lesions rarely result in profound social deficits, perinatal cerebellar insult has been strongly related to ASD-like behaviors (Limperopoulos et al. 2007; Bolduc et al. 2012; Chlebowski et al. 2013) . In children aged 6-13, posterior fossa damage produces a regression of language capacities that may result in total less of the power of speech, resembling mutism reported in some ASD children (Riva and Giorgi 2000) . ASD-like signs have been reported also in cerebellar malformations syndromes such as Joubert syndrome, Dandy-Walker malformations, and pontocerebellar hypoplasia (Boltshauser 2004; Tavano and Borgatti 2010; Wang et al. 2014) .
The fact that clinical diagnosis of ASD is based on behavioral symptoms raises the question about potential misdiagnosis in individuals with (more or less) similar behavioral profiles but extremely heterogeneous pathogenesis, as the case of patients with early cerebellar damage or cerebellar syndromes. Nevertheless, neuroimaging and postmortem studies reported cerebellar abnormalities from infancy to adulthood in individuals with ASD, and cerebellar injury at birth has been reported to increase the probability to develop ASD by 36% (Wang et al. 2014) . Overall, these evidence seem compatible with cerebellar involvement in ASD pathogenesis (Wegiel et al. 2010; Becker and Stoodley 2013) .
In early childhood, ASD-like behaviors were reported also in our patient (Tavano et al. 2007 ). This clinical picture radically evolved in the years and at time of the last clinical visit we did not find any relevant ASD-signs, as confirmed also by the Autism Quotient score (Baron-Cohen et al. 2001) , with results in the normal range. The distinction between ASD-like signs and the "real" ASD should be more deeply investigated in the light of important clinical implications for prognosis and rehabilitation. However, considering that nearly every parts of neocortex has a cognate region in the cerebellum as demonstrated by resting-state functional imaging studies (Buckner et al. 2011; Wang et al. 2014) , it seems plausible the hypothesis that "idiopathic" (i.e., "real" ASD) or "external" (e.g., cerebellar insult) perturbations may impact on developmental diaschisis resulting, respectively, in autistic and autistic-like behavioral profiles.
Poorer multisensory temporal acuity was consistently reported in individuals with ASD using a number of different tasks that included visual search with synchronous auditory cue ("pin and pop effect," see Collignon et al. 2013) , simultaneity judgments (Stevenson, Siemann, et al. 2014) , temporal order judgements (Kwakye et al. 2011; de Boer-Schellekens et al. 2013) , perception of the sound-induced flash illusion (Foss-Feig et al. 2010) , and preferential looking tasks (Bebko et al. 2006 ) (for a review, see Wallace and Stevenson 2014) . Basically, these findings indicated that in ASD individuals the time intervals in which the visual-auditory stimuli were perceived as paired were longer than controls, as if ASD individuals reported simultaneity even when the stimuli are-for typically developing individuals-substantially asynchronous.
Although ASD represents the clinical condition in which multisensory function has been best characterized, MSI impairments have been found to accompany also DD. Several seminal works on DD found changes in cross-modal (visual-auditory) functions (Birch and Belmont 1964; Muehl and Kremenak 1966) . These evidence were confirmed also in recent years by using different paradigms, such as visual and auditory attention tasks (Facoetti et al. 2010; Harrar et al. 2014 ) and multisensory temporal order judgement task (Hairston, Ellner, et al. 2005; Hairston, Burdette, et al. 2005 ). Hairston, Ellner, et al. (2005) , in particular, found that individuals with DD bound visual and auditory stimuli over an extremely long period of time. Moreover, while in typical developing readers neurophysiological studies have found that as reading progresses to fluency, visual letter and speech sounds are combined early and automatically in the auditory association cortex, in children with DD this automaticity fails to take place (Froyen et al. 2011 ). Interestingly, differences in both cerebellar asymmetry and gray matter volume are some of the most consistent structural brain findings in dyslexics compared with good readers, and reading difficulties have been reported in patients with cerebellar damage (Stoodley and Stein 2013) .
Several works found deficits in the integration of audiovisual stimuli also in schizophrenia patients. These deficits appeared to be restricted to speech-related audiovisual stimuli and amplified under noisy conditions (de Gelder et al. 2005; Ross, Saint-Amour, Leavitt, Molholm, et al. 2007; de Jong et al. 2009; Pearl et al. 2009; Szycik et al. 2009 ). However, Williams et al. (2010) recently employed a visual-auditory target detection task very similar to our task and showed that patients with schizophrenia exhibited deficits in lower-level MSI. Finally, in a recent EEG study it was found that the neural signatures associated with typical audiovisual integration were absent or compromised in schizophrenic patients (Stekelenburg et al. 2013) . A consistent number of neuroimaging studies, although not targeting directly cerebellar functions, found reduced activations in the medial portion of the anterior lobe and the lateral hemispheres (lobules IV-V) of individuals with schizophrenia during cognitive, emotional, and executive tasks (Lungu et al. 2013 ).
Conclusion
A mystery seems to surround the human cerebellum: it contains 4 times more neurons than the neocortex (Azevedo et al. 2009 ) but it has been largely considered a purely motor structure (Leiner 2010) . To date, the role of the cerebellum in nonmotor functions is well-established. Interestingly, a recent study showed that humans and other apes have significantly larger cerebella relative to neocortex size than other anthropoid primates (Barton and Venditti 2014) . In other words, in humans the cerebellum expanded significantly faster than predicted by the change in neocortical areas.
Our demonstration of impaired MSI in a rare case of cerebellar agenesis furnishes an important insight to characterize the role of the cerebellum in sensory processing. Furthermore, our data are intriguing in the light of reduced MSI abilities reported in neurodevelopmental disorders. Even if we are nearly always unaware of such processes, sensory processing in daily life normally results from binding of multiple sensory channels, included the cases in which one channel seems irrelevant to the specific context. Perceptual evaluations of the events and behavioral decisions are more efficient when we can synthesize more than one sensory signal. Clinically, reduced MSI abilities-which we found in R.G. but that are also well documented in ASD, dyslexia, and schizophrenia as highlighted above-may have cascade effects on higher functions such as language and social interaction. Beyond the clear delay in motor development, our patient also manifested a delay in the acquisition of the linguistic developmental milestones (Table 1) that may support such speculation. More generally, considering the astonishing improvement in R.G.'s cognitive, motor and social symptomatology, the impairment in MSI reported in our experimental task may be considered a compelling evidence of the cerebellar contribution to this phylogenetically and ontogenetically critical ability.
Beyond the obvious prudence necessary for inferring definitive conclusions from this clinical picture, the theoretical significance of such finding is remarkable.
